Introduction
[2] Several theoretical studies in the 70s, including Hines's pioneering works on internal gravity waves (IGWs), suggested that atmospheric IGWs are generated by a tsunami and may well produce identifiable ionospheric signatures in the plasma [Hines, 1972; Peltier and Hines, 1976] . Ionospheric radio sounding or imaging might therefore be another possible technique for tsunami observations. In essence, electromagnetic waves interact with electrons present in the plasma, and their propagation is affected by anomalies induced by tsunami-coupled IGWs in the Earth's ionosphere. The first tsunami-related ionospheric observation followed the tsunamigenic Mw = 8.2 quake in Peru (June 23th, 2001 ) [Artru et al., 2005a] . Ionospheric traveling waves, identified via total electron content (TEC), were observed by the GPS dense Japanese network (GEONET) and presented an azimuth and arrival time coherent with the tsunami's propagation. A period between 22 and 33 min, coherent with the tsunami, was identified in the observed TEC signals but no forward modeling has been done to discriminate between traveling ionospheric disturbances (TIDs) [Aframovich et al., 2003; Balthazor and Moffet, 1997] and tsunami generated IGWs. The Sumatra, Mw = 9.3, tsunami of December 26th, 2004 (0:58:50 UT, 3.3N, 95.8E) was about one order of magnitude larger. In addition to seismic waves detected by global seismic networks [Park et al., 2005] , infrasound and gravity waves [Le Pichon et al., 2005] , magnetic [Iyemori et al., 2005] and ionospheric anomalies have been reported [Liu et al., 2006a [Liu et al., , 2006b Lognonné et al., 2006; Artru et al., 2005b; DasGupta et al., 2006] . In the north of Sumatra, the latter have been associated with Rayleigh waves and atmospheric gravity waves [Liu et al., 2006a] . In the south, TEC perturbations has been observed by GPS [Liu et al., 2006b; Lognonné et al., 2006] with arrival times coherent with the tsunami's propagation [Liu et al., 2006b] . Key observations of the Sumatra tsunami were performed by the Topex/Poseidon and Jason-1 sea altimetry satellites. The measured sea level displacements is well explain by tsunami propagation models with realistic bathymetry, and provided useful constraints in the source mechanism inversion [e.g., Song et al., 2005] . In addition, the inferred TEC data, required to remove the ionospheric effects from the altimetric measurements [Bilitza et al., 1996] , show strong anomalies in the integrated electron density [Artru et al., 2005b] Liu et al. [2006b] lead to peak-to-peak differential slant TEC values of about 0.4 TECU/30sec.
[3] All these observations have clearly confirmed that the tsunami generates large ionospheric perturbations. We perform here a complete modeling of tsunami propagation from the source to the top of ionosphere. We focused on the TEC perturbations detected by Jason-1 and Topex/ Poseidon, leaving those detected by GPS for a future paper. The synthetic TEC is reproduced via a 3D numerical computation based on the primary coupling mechanisms between the ocean displacement, neutral atmosphere and plasma. To our knowledge, this is the first time that tsunami TEC signature is reproduced with a good agreement with data. We then discuss how a high resolution ionospheric monitoring may complete future tsunami warning systems based on the seismic alert and other more classical and proven in-situ techniques (e.g. buoys, ocean bottom pressure gauges, tide gauges).
Modeling
[4] The modeling of synthetic TEC data is divided into three steps ( Figure S1 1 ). First, we compute the tsunami propagation using a realistic bathymetry of the Indian ocean. Second, the computed tsunami oceanic displacement is used as the excitation source of IGWs in the neutral atmosphere ( Figure 1a and Animation S1). Finally, we compute the response of the ionosphere induced by the neutral atmospheric motion (Figure 1b and Animation S2 and, by vertical integration, the synthetic TEC ( Figure 2 and Animation S3).
Tsunami Propagation
[5] The modelling of ocean see surface displacement is carried out using a finite difference scheme that resolves the hydrodynamical equations on a 2' bathymetric grid. The input earthquake source consists of 3 subfaults describing the whole 2004 rupture with fault slip ranging from 4 to 20 m in the southern extremity. Similar sources were successfully used to model the impact of the tsunami in La Réunion [Hébert et al., 2006] .
Tsunami-Neutral Atmosphere Coupling
[6] The theoretical coupling between tsunami and internal gravity waves uses the ocean displacement to excite atmospheric IGWs. The linearised momentum and continuity equations, for irrotational, inviscid and incompressible flow [Nappo, 2002] , are used here to describe the gravity wave propagation by the way of a vertical propagator dV dz = AV with:
In essence, the ocean surface displacement in the spectral domain (couched here by vertical velocityũ z (k x , k y , w) and pressureP(k x , k y , w) fields) is injected as a forcing term in the unperturbed neutral atmosphere. The perturbation is, therefore, propagating upward for triplets (k x , k y , w) inducing a positive k z . In other words the effect of IGWs on the tsunami itself and all evanescent waves are neglected. A 1D non-isothermal atmosphere with horizontal stratification consistent with an a priori density profile r 0 depending on geographical position (0 o North, 85 o East) and local time (3:00 UT) is used [Picone et al., 2002] .
Neutral-Plasma Coupling
[7] IGWs are known to produce irregularities in the ionospheric plasma (e.g. TIDs) and some studies of the nature of neutral-plasma coupling have been made in the past utilizing different assumptions [Hooke, 1968; Davis, 1973] . We use here a non-linear 3D ionospheric simulation model based on the space-time finite-differences [Kherani et al., 2004 [Kherani et al., , 2006 and solving the hydro-magnetic equations [Kelley, 1989] (equations (1) and (2) (Figure 1b) . The large periods of IGWs allows to neglected the acceleration term (left side of equation (2)).
Physically, the neutral atmospheric motion v n induces fluctuations in the plasma velocity v i by wind share mechanism [Schunk and Nagy, 2000] . The momentum transfer is primarily dominated by the frictional term driven by collision frequency m in and by the Lorentz term associated with the Earth magnetic and electric field (B andẼ). Ion loss a ( = 0 for O + ), recombination b (with negative sign for O+ and positive sign for O 2 + and NO + ) and diffusion (implicit in p i ) are also taken into account in the ionic continuity equation (1), but their role is negligible. Finally, the perturbed electron density n e is extrapolated from ion densities n i using the hypothesis of charge neutrality n e = Sn i . The 3D ionosphere is based on the IRI model [Bilitza, 2001] at 3:00 UT for electron density, the SAMI model [Huba et al., 2000] for collision, production and loss ion parameters and the IGRF model (F. J. Lowes, The International Geomagnetic Reference Field: A health warning, http://www.ngdc.noaa.gov/IAGA/ vmod/igrfhw.html) for the geo-magnetic field.
Result
[8] Our simulation shows that about one hour after the tsunami generation, most of the energy in the tsunamigenerated IGW reaches the altitude of 300 km, where the value of the electron density becomes significant (Figure 1a and Animation S1). The IGW's upward propagation time depends on the tsunami period, T, and wavelength, l; the latter being related to the depth of the ocean [Satake, 2002] . This dispersive effect in the upward velocity modifies the tsunami waveform during its propagation from the ocean surface to high altitudes. The ionospheric response to the IGW forcing is instantaneous, and produces an transient wake (Figure 1b) that disappears with the diffusion and chemical loss time scale (few hours). In contrast to diffusion, ion-production and loss effects, the magnetic latitude plays a crucial role: the signature of IGWs in the plasma is maximized in the direction of magnetic field. As the horizontal components of tsunami generated IGWs are generally larger than vertical ones, the large TEC anomaly detected by Topex/Poseidon and Jason-1 near the magnetic equator (8°North) is probably generated by the synergy of the horizontal magnetic field and the equatorial ionisation anomaly (EIA). This first perturbation appears one hour after the fault breaking (Figure 2 and Animation S3) and is observed on the data. A second perturbation, located near 5°South, is induced by fully developed IGWs in the ionosphere and appears only after the transit of both satellites (Animation S3). Moreover, Figure 2 resumes the geometrical structure of TEC tsunami signature: in the regions ran over by IGWs, the relative amplitude of perturbations reaches 10% of local unperturbed TEC. The equivalent differential TEC is in order of 0.2-0.6 TECU/30sec, coherent with [Liu et al., 2006b] .
[9] In Figures 3a and 3b the simulated TEC along the Topex/Poseidon and Jason-1 trajectories are compared with data. For complicity, synthetic displacements at the ocean surface and altimetric data are shown for both satellites (Figures 3c and 3d) . The observed and simulated TEC is fairly good in agreement: the position of the principal peaks (around 4°N for Jason-1 and 7°N for Topex/Poseidon), the agreement in the complete waveform (in particular for Jason-1), as well as the perturbation's amplitudes are the most important validations of our modeling. A more quantitative analysis by cross-correlation shows that the synthetics and data are in agreement with a shift of À1.1°a nd 0.75°for Jason-1 and Topex/Poseidon respectively (Figure 3e ). The observed shifts confirm the presence of zonal and meridional wind neglected in our modeling. Other disagreements between synthetics and data are related, in our opinion, to the chosen seismic source and principally to differences between the a priori and real electron density background above all in the EIA [Bilitza et al., 1996] .
Conclusion
[10] Notwithstanding the differences between synthetics and data, the tsunami signature in the TEC observed by Topex/Poseidon and Jason-1 is clearly identified, not only for arrival times and positions, but also for waveforms and amplitudes. This shows that the process transferring the tsunami energy into the ionosphere can be modeled and, in this way, very exciting perspectives are opened in offshore tsunami detection. The ionospheric monitoring by ground/ space techniques (Doppler sounding, over the horizon radars, GPS networks, airglow satellites observations, etc.) combined with seismic networks and tide gauges can open new insights into the development of efficient tsunami monitoring and warning systems. Moreover, the Topex/ Poseidon and Jason-1 data represent only one snapshot of the ionospheric perturbation. Therefore, we can expect that continuous monitoring will be able to image tsunamigenerated ionospheric anomalies in space and time.
